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High throughput Solexa sequencing technology was applied to identify microRNAs in somites of
developing chicken embryos. We obtained 651273 reads, from which 340415 were mapped to the
chicken genome representing 1701 distinct sequences. Eighty-ﬁve of these were known microRNAs
and 42 novel miRNA candidates were identiﬁed. Accumulation of 18 of 42 sequences was conﬁrmed
by Northern blot analysis. Ten of the 18 sequences are new variants of known miRNAs and eight
short RNAs are novel miRNAs. Six of these eight have not been reported by other deep sequencing
projects. One of the six new miRNAs is highly enriched in somite tissue suggesting that deep
sequencing of other speciﬁc tissues has the potential to identify novel tissue speciﬁc miRNAs.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
MicroRNAs (miRNAs) are non-coding RNA molecules 20–23
nucleotide (nt) in length. They regulate the expression of genes
by guiding the RNA Induced Silencing Complex (RISC) to a target
sequence, which is usually located at the 30 untranslated region
(UTR) of mRNAs [1]. Interaction between RISC and target sites re-
sults in translational suppression of the mRNA and often leads to
decreased mRNA stability [2–6]. There are 678 known miRNA loci
in the human genome (miRBase release 11.0) [7] and each miRNA
is expected to target hundreds of genes illustrating that miRNA-
mediated suppression of protein synthesis represents an extensive
layer of gene expression regulation [8].
Traditional sequencing of cDNA libraries made from short RNAs
is very laborious and preferentially identiﬁes abundant miRNAs
[1]. Although some miRNAs are very highly expressed, others are
present at a low level in a tissue because they are expressed only
in a small number of cells [9]. Recent developments in high
throughput sequencing technology allowed identiﬁcation of hun-
dreds of thousands/millions of short RNAs in a sample in various
organisms [10–18]. These technologies can be used to ﬁnd miRNAs
expressed at very low level or in a small number of cells.chemical Societies. Published by E
unsterberg), t.dalmay@uea.Chicken is an established model organism to study vertebrate
development, largely due to the accessibility of the embryos in
the egg and the ease with which they can be manipulated. The
developmental stages of the embryo are well deﬁned [19] and
experimental techniques include classic and molecular ap-
proaches. Several genomic resources are now available, with EST
data bases and the completed genome of Gallus gallus (red jungle
fowl) [20]. The number of chicken miRNAs in miRBase 11.0 (149)
is signiﬁcantly lower than the number of human (678), mouse
(472) or zebraﬁsh (337) miRNAs suggesting that many chicken
miRNAs are yet to be discovered. In fact, several groups reported
recently novel chicken miRNAs by traditional [21,22] or deep
sequencing [17,18] from whole embryos [21,18], primary ﬁbro-
blast cells [17] or MDV-transformed lymphoblastoid T-cell line
MSB-1 [22]. However, the relatively small overlap between the
new miRNAs described by these reports indicates that these li-
braries are not saturated and speciﬁc tissues contain other uniden-
tiﬁed miRNAs.
We were particularly interested in characterizing short RNAs in
developing somites. Somites are transient mesodermal structures
which form on either side of the neural tube in the embryonic mid-
line. They are generated sequentially from the unsegmented preso-
mitic mesoderm in an anterior to posterior (head to tail) direction
[23]. The ventral part of somites gives rise to the sclerotome con-
taining precursor cells for cartilage and bone and dorsal somite
cells develop into the dermomyotome, which contains progenitor
cells for skeletal muscle and skeletal muscle stem cells. Recent
studies have conﬁrmed that somites also give rise to connectivelsevier B.V. All rights reserved.
Fig. 1. Size distribution of sequenced short RNAs.
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cells [24]. A few miRNAs were shown to be speciﬁcally expressed
in somites, most notably the muscle speciﬁc microRNAs, miR-1,
206 and 133 [25–27], but it was never tested whether there are
other somite speciﬁc miRNAs. Here we describe the deep sequenc-
ing of short RNAs isolated from dissected chicken somites and the
experimental validation of eight novel miRNAs.
2. Materials and methods
2.1. Cloning of chicken miRNAs and Northern blot analysis
The overlying ectoderm and underlying endoderm were dis-
sected using a tungsten needle. Dissected tissue white leghorn
chicken embryos was disaggregated and RNA extracted using the
miRVana kit (Ambion). Small RNA fraction between 19 and 24 nt
was isolated from 15% denaturing polyacrylamide gel and 15 lg
was ligated to Solexa adaptors (Illumina) without de-phosphory-
lating and re-phosphorylating. The short RNAs were converted to
DNA by RT-PCR following the Illumina protocol and the DNA was
sequenced on a Solexa machine (Illumina). Fifteen micrograms of
RNA extracted from dissected somite tissue was analysed by
Northern blot as described by Pall et al. [30]. Membranes were
hybridised with non-modiﬁed 50 labelled oligonucleotides comple-
mentary to the miRNA candidates at 37 using ULTRAhyb-Oligo
buffer (Ambion) overnight.
2.2. Sequence analysis
Chicken genome was downloaded from Ensembl (http://
www.ensembl.org/, assembly WASHUC2, database version 49.2).
Sequence reads were mapped to the genome using PatMaN [31].
To generate the microRNA candidates MiRCat software (http://
srna-tools.cmp.uea.ac.uk/) [28] was used. Sets of microRNAs for
chicken were downloaded from miRBase (http://microrna.san-
ger.ac.uk/sequences/).3. Results
3.1. Deep sequencing of short RNAs from chicken somites
Somites were dissected from 3-, 4- and 5-day old embryos and
the extracted RNA was pooled. A cDNA library was generated from
the short RNA (sRNA) fraction and sequenced using the Solexa
technology (Illumina). We obtained 651273 reads representing
15976 distinct sequences (Table 1) (we use the term ‘‘distinct
sequences” for sequences that are not identical to each other; the
difference can be mismatches or shorter/longer sequences). The
most abundant size class was 22 nt (43%) followed by the 21 nt
reads (12%) (Fig. 1). 340415 reads (corresponding to 1701 se-Table 1
Distribution of short RNAs. Number of reads and distinct sequences are shown of
different categories of sequences.
Number of
reads
Number of distinct
sequences
Total 651273 15976
Mapping to the genome without a
mismatch
340415 1701
Mapping to the genome with one
mismatch
73011 4007
Mapping to the genome with two
mismatches
99425 3469
Known miRNAs 187975 85
New miRNA candidates 36656 42quences) mapped to the genome without any mismatch. Since al-
most half of the reads (310858) did not show a perfect match to
the genome we tested whether these sequences were similar to
the genome. 73011 (representing 4007 sequences) and 99425
(corresponding to 3469 sequences) reads could be mapped to the
genome with one or two mismatches, respectively. Altogether,
78.7% of the reads (512851) mapped to the genome allowing up
to two mismatches suggesting that the majority of the cDNA li-
brary derived from chicken sRNAs. The 1701 sequences showing
perfect match to the genome were analysed further and 85 known
chicken miRNAs were identiﬁed. The 85 sequences corresponded
to 187975 reads and Additional ﬁle 1 shows the number of reads
for each known miRNA.
3.2. Novel miRNAs
The remaining 1616 sequences that mapped to the genome but
were not known miRNAs were analysed further using the miRCAT
program we have developed earlier [28]. This program processes
high throughput sequencing datasets, ﬁnds exact sequence
matches in the genome, extracts ﬂanking genomic sequences and
tests whether they can be folded into hairpin structures where
the cloned sequences are located in one of the stems of the hair-
pins. miRCAT identiﬁed 42 potential new miRNAs, which mapped
to 45 loci in the genome (Table 2). Additional ﬁle 2 shows the pre-
dicted structures for all 45 loci. Twelve of these loci are located in
introns of protein coding genes, three are in exons, 21 are in inter-
genic regions and nine are in un-annotated regions (Table 2). Eight
of these loci have been predicted to encode for miRNAs according
to ENSEMBL (sequences 10, 11, 17, 19, 27, 29, 30 and 31 in Table 2).
We also compared these loci with the recently reported new po-
tential chicken miRNA loci [17,18,21,22] (Table 2). Several se-
quences were cloned by more than one group but none of the
sequences were found by all ﬁve groups but the limitation proba-
bly is the relatively small sample size of Shao et al. [21] and Yao et
al. [22]. Twenty-three new potential miRNAs have not been re-
ported before and one of these was mapped to four un-annotated
loci.
3.3. Expression of novel miRNAs
Next we tested the accumulation of all 42 candidates in dis-
sected somite RNA samples by Northern blot analysis (Fig. 2).
Twenty-four oligonucleotide probes did not give any signal after
4-day exposures but the other 18 did. After further analysis of
these 18 sequences by BLAST [29], 10 turned out to be variants
of known miRNAs (Table 2). These sequences either contained
one or two mismatches compared to known miRNAs or had
Table 2
Potential new miRNA genes. The ﬁrst ﬁve columns show the in-house ID of sequences (No.), genomic location of the putative miRNAs (Chr: chromosome; Un: unknown
chromosome; MT: mitochondrial genome), starting position on the chromosome (Start), the number of reads in our library (No. of reads) and the type of location of the miRNA
gene (Location; 1: these miRNA genes are predicted in ENSEMBL; unknown location: these miRNA genes are situated in un-annotated regions of the genome). The sixth column
(Found) shows the occurrences sequences in different libraries: S: somite (this study), F: ﬁbroblast cells [17], E2: embryo [18], E3: embryo [21], T: T-cells [22]. The eighth column
indicates the result of Northern blot analysis: negative result (), a weak signal after a 4-day exposure (+) or a strong signal after a 2-h exposure (++). Some sequences conﬁrmed
by Northern blot are very similar to known miRNAs (either one or two mismatches or perfect match but has different length from the sequence in miRBase). These known miRNAs
are indicated in the last column. Sequences in bold are conﬁrmed by Northern blot and are not similar to any known miRNAs in miRBase. Please note that sequences 35, 38, 39
and 41 are identical and they could be derived from four different loci.
No. Chr Start No. of reads Location Found Sequence Blot miRNA
1 1 15746124 10 Intergenic region S AGCGGCGCGGTAGGAGCA +
2 1 1.7E + 08 5 Intergenic region S CGGGAGGGGAGGGAGGGCGGG +
3 1 1.04E + 08 25 Intergenic region S CGGGGATCGGGCGCGCCTCTCCGT 
4 1 62970293 20 Intergenic region S GTTTGGCTGTAGGCATGTGGGT 
5 1 1.31E + 08 25 Intron of predicted gene S,E2 TGCATTGCGACGGGTTATATC 
6 1 1.04E+08 78 Intron of predicted gene S CGAGAAGACGGTCGAACTTGA 
7 2 1.07E+08 13 Intergenic region S TTCTGTAGACTGTTTGAC 
8 3 4348337 315 Exon of srf S ACGGGACAGTGCTGAAGACTAC 
9 3 23002020 14 Intergenic region S,F,E2 TCCTGCAGAAGGTGCGGCT 
10 4 4049101 211 Intergenic region1 S,E2,E3,T TAGCAGCACATCATGGTTTG ++ 15b
11 4 92169345 1596 Intergenic region1 S,E2 TGAGAACTGAATTCCATGGACT ++ 146a
12 5 33777672 32 Intron of CO041 S,E2 ACTAAGGACAGAGGAACGGAG 
13 5 45344529 26 Intergenic region S GTCGTCGGGATGGAGTTT 
14 5 60284030 26 Intergenic region S,E2 CGGGGCGGCTGTGAGCTGAG 
15 5 26613484 27 Exon of INOC1 S TCAGAAAAGGATATGAATTGTC 
16 6 34416337 39 Intron of ADAM12 S TTAAGAGTAGGGATTCTGTTC 
17 8 29051925 233 Intergenic region1 S,E2,T GTACAGTACTGTGATAACTGAA ++ 101
18 8 3838518 28 Intron of Q91015 S TGGGTCCCGGCATGCTGCACT 
19 9 21966435 25 Intergenic region1 S,E2,E3 GCGACCCATACTTGGTTT + 551b
20 10 1811809 19 Intron of predicted gene S TGCAGTGACGTCTCTTCCCC +
21 10 11522320 16 Intergenic region S CAGGCGAGGGCGGGAGGGC 
22 14 4018538 111 Intergenic region S CAGCAGGACTGGCTTTGTTACGA +
23 14 857078 26 Intergenic region S GCGGAAGGACGGCGTCACTGG 
24 15 769601 25 Intergenic region S,F,E2 ATCCCTTACTCACATGAG 
25 15 10171741 12 Intergenic region S CTGGAGGACACAGAGGCA 
26 15 1296957 65 Exon of DGCR8 S,F TGGACGTTGGCTCTGGTGGTGA 
27 15 399864 47 Intergenic region1 S,E2,E3,T TAGTGCAATATTGCTTATA + 454
28 18 10554165 29 Intron of DMC1 S,E2 CGGCTTCTCGGTACCTGCGTT 
29 19 5352156 33 Intergenic region1 S,E2,E3,T AGTTCTTCAGTGGCAAGCTT + 22
30 19 7145042 199 Intron1 S,E2,E3,T CAGTGCAATGTTAAAAGGGC ++ 130a
31 20 8681835 181 Intergenic region1 S,E2 TAAGGCACGCGGTGAATG ++ 124a
32 22 2685020 29 Intron of Q90715 S AAGGTCCAACCTCACATGTCCT 
33 23 1213487 13 Intron of SCMH1 S TGCGCTTTCTCATCCCGGC 
34 MT 9050 31 Unknown S AGCTAGAGAGAGGGGACAC 
35 Un 61344147 17 Unknown S GCAGGAGCGGGGCTCGGT 
36 Un 16238906 31 Unknown S ATGGGTCAAACGTTGACCAA 
37 Un 379349 28660 Unknown S,E2 TACCCTGTAGATCCGAATTTGT ++ 10b
38 Un 21596967 17 Unknown S GCAGGAGCGGGGCTCGGT 
39 Un 63782874 17 Unknown S GCAGGAGCGGGGCTCGGT 
40 Un 14731567 1596 Unknown S,E2 TGAGAACTGAATTCCATGGACT ++ 146a
41 Un 47015331 17 Unknown S GCAGGAGCGGGGCTCGGT 
42 Un 38326406 20 Unknown S TCCCAGTGGAGCTCTGCAAGGACC +
43 Z 44167547 1825 Intergenic region S,F,E2 AAAGGACGGAGGCGGCCCGCGC +
44 Z 68816780 841 Intron of NCBP1 S ATGCAGAAGTGCACGGAAACAGCT ++
45 Z 34596495 31 Intron of XR_027016.1 S,F,E2 TCCTTAACTCATGCCGCTGT +
Fig. 2. Expression of new miRNAs. Total RNA from dissected somites were analysed
by Northern blot. The numbers correspond to ID numbers in Table 2. Size markers
(19 and 24 nt RNA oligonucleotides) are shown on the right.
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other 8 sequences were not similar to any known miRNAs and
are bona ﬁde new miRNAs. Interestingly, six of the eight new miR-
NAs were not found by other recently published high throughput
sequencing projects. On the other hand, seven sequences that were
present in our and at least in one other library were not conﬁrmed
by Northern blot analysis of somite RNA.The expression of the six new miRNAs were further studied by
dissecting the somites and hearts of 3-, 4- and 5-day old chicken
embryos (the same stages we used for the sequencing). RNA was
extracted from the somites and hearts and also from the remaining
tissues of the dissected embryos. First we tested the accuracy of
the dissection by hybridising miR-1 and miR-206 probes to the
membranes. MiR-1 gave stronger signal in heart than in somite
and miR-206 was expressed strongly in somite but not in the heart,
as it was expected (Fig. 3) [25–27]. Both probes gave faint signals
in tissues that contained the whole embryos except the heart
and somites suggesting that either the dissection was not perfect
or these muscle speciﬁc miRNAs have a low level of expression
outside of the somites and heart. Nevertheless, this approach is
appropriate to decide whether the new miRNAs are enriched in
somites and/or heart. One of the six newmiRNAs gave much stron-
ger signal in somites than in heart of the rest of the embryo sug-
gesting that this miRNA has a similar expression pattern to miR-
206.
Fig. 3. Tissue speciﬁc expression of new miRNAs. Total RNA dissected from somites
(S), hearts (H) and the rest of the embryos (RE) were analysed by Northern blot. The
numbers correspond to ID numbers in Table 2. Probes to detect sequences 1, 2 and
42 were locked nucleic acid (LNA) containing primers. Size markers (19 and 24 nt
RNA oligonucleotides) are shown on the right.
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Recent developments in high throughput sequencing technolo-
gies allow generation of large libraries of short RNAs [10–18]. The
454 technology gives the longest reads, currently 250–300 base
pairs (bp), but signiﬁcantly fewer reads than other techniques
(about 400000 per sample) [16,17]. The Solexa platform (Illumina)
can identify up to 35 bp sequences and yields 1–3 million reads per
sample [18]. Massively parallel sequencing (MPSS) gives only reads
of 17 bp but even more reads than Solexa [12]. Since miRNAs are
only 21–23 nt sequences, even MPSS can identify them reliably,
although this technology does not give full length sequences there-
fore it is not the best option for miRNA discovery but rather for
proﬁling known miRNAs. We chose the Solexa platform to test
whether new miRNAs can be found in dissected somites of chicken
embryos.
We have got 651273 reads from chicken somites using Solexa
but only 52% of them matched the genome perfectly. Another
26% of the reads could be mapped to the genome with one or
two mismatches and many of these reads showed almost perfect
match to known miRNAs from other species. This suggests that
these reads were generally good sequences but due to some reason
did not match the genome perfectly. There are at least two possible
explanations for this. It is possible that there are single nucleotide
polymorphisms (SNPs) between the sequenced genome (red jungle
fowl) and the species we have used (white leghorn), however, at
the moment there is not information about the extent of SNPs. It
is also possible that Solexa generated sequences contain mistakes.
Unfortunately we could not compare the ratio of reads perfectly
matching the genome with the other available chicken short RNA
library generated by Solexa [18] because this information was
not given in the report.
After a bioinformatic analysis of the sequence reads we pre-
dicted 42 new miRNAs. We tested all 42 sequences by Northern
blot analysis and accumulation of 18 was conﬁrmed. We cannot
rule out that the 24 negatives are true miRNAs because it is possi-
ble that they accumulate as 21–23 nt RNA but in a very small num-
ber of cells within the somites. In this case Northern blot analysis
may not be sensitive enough to detect their expression. Recently,
two groups reported new chicken miRNAs identiﬁed by deep
sequencing of short RNAs from either whole embryos [18] or
embryonic ﬁbroblast cells [17]. Glazov et al. [18] used the Solexa
platform and generated 9.5 million reads using pooled RNA from
5, 7 and 9-day old chicken embryos and identiﬁed 449 candidate
miRNAs, although none of these were conﬁrmed by other tech-
niques. Burnside et al. [17] obtained 125463 reads by 454 technol-
ogy from ﬁbroblast cells and found 63 new miRNA candidates. Five
of these were conﬁrmed by Northern blot analysis. One of these
ﬁve (ID 58) is the same as one of our conﬁrmed new miRNAs (ID
45, Table 2). Surprisingly, seven sequences, we and at least one
other group found, were not conﬁrmed by Northern blot. This sug-
gests that some of the Northern negative sequences do accumulate
as 21–23 nt RNA species but are below the detection level of
Northern blot analysis either due to low expression level or be-cause of a very restricted expression pattern. Another observation
regarding the detection of miRNA expression by deep sequencing
and Northern blot analysis is that no correlation was found be-
tween the number of reads and the strength of the hybridisation
signal of different sequences. For example, probe 31 gave a stron-
ger signal than probe 37 (Fig. 2) in spite of sequence 31 was se-
quenced 158 times less than sequence 37 (181 and 28660 reads,
respectively; Table 2). At the moment it is not clear why there is
this difference. It is possible that the number of reads does not al-
ways reﬂect the accumulation level of individual sequences. It is
also possible that some sequences give stronger signal due to high-
er GC content than other sequences even if they are accumulated at
a lower level (although probes 31 and 37 had almost identical GC
content). However, it is also worth considering that we [16] and
others [11] found good correlation between the number of reads
and strength of signal of speciﬁc sequences in different samples.
For example if one sequence was cloned many times in one sample
and few times in another sample, Northern blot analysis usually
conﬁrms the difference in expression level of that particular se-
quence between the two samples [11,16].
Ten of the 17 Northern positive probes detected sequences that
were similar to known miRNAs, although miR-22 and miR-551
have not been found in chicken, only in other vertebrates. Eight se-
quences with conﬁrmed expression are new miRNAs and six of
these were not sequenced by others. Northern blot analysis of dis-
sected tissues (somites, heart and the rest of the embryo) suggests
that one of the six newmiRNAs is speciﬁcally expressed in somites.
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